Introduction
Broadly speaking there are two possibilities for electroweak symmetry breaking: weakly coupled Higgs bosons below 1 TeV or a new sector of quanta at the TeV scale that interact strongly with one another and with longitudinally polarized Wand Z bosons. 3 While precision electroweak data accumulated in the 90's favor the first scenario, the conclusion is not definitve. The study of WW scattering at the TeV scale, to begin at the LHC, will provide a no-lose capability to determine the strength and mass scale of the symmetry breaking quanta. As discussed below, it is a fundamental measurement, of interest even if a light Higgs boson candidate were to be discovered before inauguration of the LHC, and it could be crucial if Higgs sector quanta turn out to be more elusive. This lecture is an introduction to the motivation, theory, and techniques for the study of WW scattering at the TeV scale.
In particular I will focus on the generic strong WW scattering signal [1] that can be used at the LHC to determine definitively whether the symmetry breaking force is weak or strong.
Because we would learn from the presence or absence of strong WW scattering whether the symmetry breaking physics is at or below the Te V scale, ability to measure or exclude the signal confers a "no-lose" capability to determine the mass scale of symmetry breaking.
While the precision electroweak data favors the weak breaking scenario, the strong WW scattering measurement remains an important tool for the study of symmetry breaking:
First, because the precision electroweak data probes the Higgs quanta only indirectly, by means of quantum corrections, it can never definitively determine the nature of the Higgs sector. The relevant quantum corrections are open to contributions from many forms of new physics. Occam's razor favors the simplest interpretation, which assumes that the only new physics contributing significantly to the radiative corrections is the quanta that form the symmetry breaking condensate. In that case the data do favor weak symmetry breaking. But nature may well have dealt us a more complicated hand, with new physics accompanying the symmetry breaking quanta also contributing to the radiative corrections. Then the precision data tells us nothing about the symmetry breaking sector-unless we can "unscramble" the different contributions, which in general we do not know how to do. While my focus is on general aspects and not on specific models, reference [2] lists a few models of strong symmetry breaking that can serve as existence proofs. The nature of the symmetry breaking sector can only be established definitively by its direct discovery and detailed study in experiments at high energy colliders. In the meantime it is sensible to be guided by compelling theories, e.g., SUSY, but not to rely on them exclusively.
Second, even if there were a light Higgs boson it is possible for it to be undetectable at all planned experiments up to and including the LHC. For example, Gunion, Haber, and Moroi [3] have found "blind spots" in the parameter space of the NMSSM (the nextto-minimal model, containing a Higgs singlet field in addition to the fields of the MSSM) for which none of the Higgs scalars could be discovered at LEP or the LHC, even if the LHC were to accumulate the heroic integrated luminosity of 600 fb-1 • In that case the "no-lose" capability of the LHC would be crucial to establish whether electroweak symmetry breaking is weak or strong. As discussed in this lecture, with ~ 100 -150 fb-1 the LHC could observe or exclude strong WW scattering. [4, 5, 6] In a blind-spot scenario it could establish the absence of strong WW scattering which would tell us to look harder for light Higgs scalars below 1 TeV, perhaps with an electron collider. [7] Or, if strong WW scattering were observed, it would tell us to look for the Higgs sector quanta above 1 TeV, perhaps with a VLHC. Third, even if there were a light Higgs boson and even if it were discovered at LEP, Fermilab, or the LHC, it would still be important to measure the WW scattering cross section in the Te V region. If symmetry breaking is due to a light Higgs boson, a central prediction of the Higgs mechanism is that there be no strong WW scattering. As explained in the review of the Higgs mechanism given below, strong WW scattering is the first-cousin to the famous "bad high energy behavior" which it is the principle mission of the Higgs mechanism to remove. For strong symmetry breaking the unitarity of longitudinal WW scattering is saturated, while for weak breaking, longitudinal WW scattering cuts off while it is still weak, well below where unitarity would be saturated. In discussing the experimental signals at the LHC I will consider both the capability to observe strong WW scattering if it is present and to exclude it if it is not. The central point is easy to grasp: we have already discovered three quanta from the • Section 2 reviews the Higgs mechanism in a general framework that applies whether Higgs bosons exist or not, using symmetry and unitarity to analyze the possible forms electroweak symmetry breaking may take.
• Section 3 is a brief discussion of the implications of the precision electroweak data presented at the recent Vancouver ICHEP meeting.
• Section 4 reviews models used to estimate strong WW scattering cross sections at high energy colliders.
• Section 5 discusses methods of computing WW scattering at colliders, including the 'classical' effective W approximation [10] (EWA) and a more complete method, the effective Higgs bosons representation[ll] (EHB), which predicts the experimentally important transverse momentum spectrum of the final state jets recoiling against the WW pair that cannot be obtained from the EWA.
• Section 6 considers the question 'Can LHC lose?', reviewing the experimental strategies and the capability of LHC experiments to observe or exclude strong WW scattering.
• A brief conclusion is given in section 7.
2

General Framework
We begin with a general description of the Higgs mechanism in Section 2.1 that applies whether Higgs bosons exist or not. Implications for strong WW scattering are reviewed in the subsequent subsections: the Equivalence Theorem in 2.2, the WW low energy theorems in 2.3, and unitarity and the energy scale of strong WW scattering in 2.4.
The Generic Higgs Mechanism{12}
The basic ingredients of the Higgs mechanism are a gauge sector and a symmetry breaking sector,
.Cgauge is an unbroken locally symmetric= gauge invariant theory, describing massless gauge bosons that are transversely polarized, just like the photon. For SU(2)L x U(1)y gauge symmetry the gauge bosons are a triplet w = wl, w2, w3 corresponding to the generators TL and a singlet gauge boson X corresponding to the hypercharge generator Y. .Css is the symmetry breaking Lagrangian that describes the dynamics of the symmetry breaking force and the associated quanta. If £ 88 did not exist, the unbroken SU(2)L nonabelian symmetry would give rise to a force that would confine quanta of nonvanishing TL charge, such as left-handed electrons and neutrinos.
In the generic Higgs mechanism .Css breaks the local (or gauge) symmetry of ..Cgauge· To do so .Css must possess a global symmetry G that breaks spontaneously to a subgroup H,
G---+ H.
In the electroweak theory we do not yet know either of the groups G or H, H=?
We want to discover what they are and beyond that we want to discover the symmetry breaking sector ..Css =? (2.4) including the mass scale of its spectrum (2.12)
The last line is the clue to the proof of the theorem: masses arise from terms that are quadratic in the fields,
.Cmass = --m </>, 2 (2.13) so a field direction that is locally flat in energy (i.e., goes like </>n with n 2: 3) corresponds to a massless mode. The essential features are the symmetries of the Lagrangian (G) and the ground state (H). Elementary scalars are not essential: if necessary Nature will make composite massless scalars. She has (almost) already done so on at least one occasion: we believe on the basis of strong theoretical and experimental evidence that QCD with two (almost) massless quarks is an example, with the pion isotriplet the (almost) Goldstone bosons. The initial global (flavor) symmetry of two flavor Q CD in the mu = md = 0 limit is (2) 
is the ordinary isospin group of nuclear and hadron physics. That is, (2.15) is not invariant under independent rotations of left and right helicity quarks but only under rotations that act equally on left and right helicities. In this example dim G = 6 and dim H = 3 so we expect 6 -3 = 3 Goldstone bosons. In nature we believe they are the pion triplet,
0 , which are much lighter than typical hadrons because the u and d quark masses are so small on the hadronic scale, of order 10 MeV. (I refer to the "current" quark masses, the parameters that appear in the QCD Lagrangian.)
In the first step we considered only the global symmetry breakdown induced by ..CsB -Goldstone's theorem. Now we come to the second step, which involves the interplay of ..CsB with ..Cgauge· The essential point of the Higgs mechanism is that when a spontaneously broken generator of ..CsB coincides with a generator of a gauge invariance of ..Cgauge, the associate Goldstone boson w and massless gauge boson W mix to form a massive gauge boson. The number of degrees of freedom are preserved, since the Goldstone boson disappears from the physical spectrum while the gauge boson acquires a third (longitudinal) polarization state. Like the first step this is a general phenomenon that depends only on the nature of the global and local symmetries, regardless of whether there are elementary scalar particles in the theory.
Suppose the Goldstone boson w couples to one of the gauge currents, with a coupling strength f which has the dimension of a mass, (2.20) to compute theW mass. [12] In the absence of symmetry breaking the W is p1assless and transversely polarized. Therefore as in QED we can write its propagator in Landau gauge, .
In higher orders the propagator is the sum of the geometric series due to "vacuum polarization", i.e., all states that mix with the gauge current. involving also the quark and pion masses).
The Equivalence Theorem
The equivalence theorem [8, 9] is very useful for analyzing the implications of the Higgs mechanism for strong WW scattering. In the U (unitary) gauge the Goldstone boson fields w are absent from the Lagrangian. In R ( renormalizable) gauges they do appear in .Css and in the Feynman rules, though gauge in variance ensures that are not in the physical spectrum. Since they engender the longitudinal gauge boson modes, WL and ZL, it is plausible that WL and ZL interactions reflect the dynamics of w. The equivalence theorem is the precise statement of this proposition,
As indicated the equality holds up to corrections of order Mw / Ei.
We will see that the equivalence theorem is useful in the derivation of the WL WL low energy theorems and that it is also a useful source of intuition for the possible dynamics of strong WW scattering. In addition, it greatly simplifies perturbative computations. For instance, the evaluation of heavy Higgs boson production via WW fusion in unitary gauge requires evaluation of many diagrams with "bad" high energy behavior that cancel to give the final result. But to leading order in the strong coupling A = m'h/2v 2 it suffices using the equivalence theorem to compute just a few simple diagrams. The result embodies the cancellations of many diagrams in unitary gauge and trivially has the correct high energy behavior. It is very accurate for energies above 1 TeV (of order 1 % or better).
A simple example is instructive. Consider the decay of a heavy Higgs boson to a pair of · longitudinally polarized gauge bosons WtW£. In unitary gauge the HWtW£ amplitude is (2.28)
For mn :» Mw we neglect terms oforder Mw/mn, so that tt(Pi) "'pi/Mw and similarly [8] contains a proof to all orders which does not however apply to matrix elements with more than one external WL.) Proofs to all orders in both .Css and .Cgauge are given in [9] . The fact that the theorem holds to all orders in the strong interactions of .Css is crucial for its applicability to strong WW scattering.
Low Energy Theorems
Using the equivalence theorem and the general properties of the Higgs mechanism described in Section 2.1 we can derive the low energy theorems for WLWL scattering that in turn set the scale for the onset of strong WW scattering. The symmetry breaking pattern of .Css , G-+ H, implies low energy theorems for the Goldstone bosons, which imply WL WL low energy theorems by means of the equivalence theorem. In general the low energy theorems are determined by the groups G and H and by two parameters, the vacuum expectation value v and the p parameter, p = M~ / ( M~ cos 2 Ow). Recall that we assume that there are no light quanta in .Csa other than wand z. If there are other light quanta in £ 88 they may or may not modify the low energy theorems. [13] Low energy theorems for the 2 -+ 2 scattering of Goldstone bosons were first derived by Weinberg [14] for pion-pion scattering. Identifying the pion isotriplet with the almostGoldstone bosons of spontaneous flavor symmetry breaking SU(2)L x SU(2)R -+ SU(2)L+R in hadron physics, Weinberg showed for example that (2.31) where Frr = 93 MeV is the pion decay constant defined in Eq. (2.18). Equation (2.31) neglects 0( m;) corrections (which are in fact calculable to leading order and were computed by Weinberg) and is valid at low energy, defined as
The low energy theorems can be derived by current algebra or effective Lagrangian methods. The proof has two important features:
• it is valid to all orders in the Goldstone boson self-interactions. This is crucial since those interactions may be strong (as they are for the pion example) so that perturbation theory is a non-starter,
• we needn't be able to solve the dynamics or even to know the Lagrangian of the theory. In fact the 1r1r low energy theorems were derived i:o. 1966 before QCD was discovered.
(And we still don't know today how to compute 7r7r scattering directly in QCD.)
The current algebra/symmetry method was important in the path followed in the 1960's that led in the early 1970's to the discovery that LHADRON = .CQCD· It is similarly useful today in our search for .Csa . (2) 
M(w+w-
for an energy domain circumscribed by Eqs. (2.34) and (2.27) as
The window (2.37) may or may not exist in nature, depending on whether MsB » Mw.
In addition to Eq. (2.36) there are two other independent amplitudes which may be chosen to be w+w-and ZZ elastic scattering. Their low energy theorems are:
There are in addition four others that can be obtained by crossing symmetry: The threshold energy dependence predicted by the low energy theorems would eventually violate unitarity unless damped. In fact, the low energy theorems are identical with the famous "bad" high energy behavior that the Higgs mechanism was invented to curethis emerges most clearly in the perturbative derivation. 3 Within the Higgs mechanism it is the task of .CsB to cut off the growing amplitudes Eqs. (2.36-2.41 ). Unitarity implies a rigorous upper bound on the energy at which this must occur. The use of unitarity here is identical to that of Lee and Yang [15] and of Joffe, Okun, and Rudik [16] who used the growing behavior of fermion-fermion scattering in Fermi's four-fermion weak interaction Lagrangian (also proportional to Cps ex s/v 2 !) to bound the scale at which Fermi's theory must break down -essentially a bound on the mass of the W boson. In fact that bound is precisely half the value of the bound given below for the scale of the symmetry breaking physics.
In particular we use partial wave unitarity. The partial wave amplitudes for the Goldstone scalars (or for the zero helicity, longitudinal gauge bosons) are .Csa by means of nonresonant strong WW scattering. 3. Electroweak radiative corrections and strong WW scattering In this section I want to briefly discuss the implications of the precision electroweak data. I will discuss the constraints the electroweak data place on the symmetry breaking sector and give an estimate of the contribution to Z-pole radiative corrections from strong WW scattering. The estimate follows by formulating the K-matrix strong scattering model as an effective Higgs boson theory.(ll]. The result agrees with an estimate by Gaillard using the nonlinear sigma model. (17] The effective Higgs formulation is described in more detail in section 5, where it's advantages for the calculation of WW cross sections at high energy colliders are discussed.
For several years standard model fits of the precision electroweak data have favored a rather light mass for the Higgs boson, of the order of 100 -150 GeV and have strongly excluded the TeV scale. Until this summer the strength of that conclusion has been open to question. Two years ago the Rb anomaly distorted the global fits by favoring a low value for the top quark mass which, because of the mt -mH correlation in the radiative corrections, drove the Higgs boson mass to low values. At the time Dittmaier, Schildknecht, and Weiglein (18] observed that excluding the Rb measurement and using the directly measured Fermilab value for mt resulted in fits allowing mH to reach the TeV scale.
The quantities in the fit that most directly determine mH are the Z boson decay asymmetries. The left-right polarization asymmetry, ALn, is the most precise and therefore the most important in the fit. Dittmaier et al. [18] and Gurtu [19] both observed that in the 1996 data the ALR measurement by itself implied a value for mH that conflicted with the lower limit (then mH > 65 GeV) from direct searches at LEP. Dittmaier et al. found that without ALR and Rb the fitted value of mH increased further, with 900 GeV allowed at the 1u CL. Gurtu suggested reconciling the conflict by inflating the errors on all the aysmmetry measurements and found that the Te V scale was allowed at the 2u CL.
In the Summer of 1997 the Rb anomaly had disappeared, but the value of mH did not change much in the global fit, largely due to the increased precision of ALR· With improved calculations of the radiative ocrrections (20] ALR by itself then implied a 95% upper limit on mH at the very same value (77 GeV) that the direct searches implied a 95% lower limit, [21] raising the possibility that the fit was skewed to low mH. I constructed a fitting algorithm, best formulated in the second of references (21] , to incorporate the information from the search limits. The algorithm scales the uncertainties of the asymmetry measurements in conflict with the search limits by a factor reflecting the aggregate confidence level for consistency between the complete set of asymmetry measurements and the search limits. The method is motivated by the S* scale factor the PDG [22] has long used to fit discrepant data, based on their observation that discrepancies occur more often than chance expectation and are often with hindsight found to result form underestimated systematic errors. Applied to the Summer '97 and Spring '98 data I fits using the algortihm allowed (at 95% CL) values of · mH approaching the TeV scale, contrary to the conventional global fits. As you can imagine the question of how to carry out the fits in the face of the discrepancies with the search limits has been conroversial, causing polite disagreement and some bar room brawls.
When the method is applied to the Summer '98 data presented at Vancouver [23] the results agree with the conventional fits. From Summer '97 to Summer '98 ALR and A}B increased by 1u and 0.5u respectively, with half of the shift in ALR occurring in the Spring '98 data. As of Summer '98 the measurements still conflict with the search limit, each implying mH < 90 GeV at 88% CL while the sear'ch experiments have mH > 90 GeV at 95% CL. But the aggregate CL for consistency between the nine asymmetry measurements and the search limits increased from~ 0.07 in Summer '97 to~ 0.12 in Spring '98 to~ 0.3 in Summer '98. The latter CL is not small and the algorithm gives essentially no correction to the conventional fit. The algorithm is then useful not only for alerting us to possible problems but for clarifying when apparent discrepancies are not in fact significant.
The contribution of strong WW scattering to the radiative corrections is just one of the ways that a strong symmetry breaking sector could affect the electroweak radiative corrections. It is interesting to estimate the size of its contribution, though it is important to keep in mind that there may be other contributions, possibly with different signs, and to take care to avoid double counting. Naively one would expect strong WW scattering to contribute like a Te V scale Higgs boson. This expectation is confirmed by two different estimates, both heuristic, which find that the contribution is like that of a Higgs boson with mass ~ mH = ~---a;;-= 4y'1rv ~ 1.75TeV (3.1) which is precisely the unitarity cutoff scale defined in eq. 2.45. This does not mean that such a Higgs boson would exist but only that the contribution to the radiative corrections is like what would naively be expected if it made sense to consider a ~iggs boson of that mass.
This estimate was obtained by Gaillard[l7] from the nonlinear sigrria model with a cutoff that is naturally identified with the cutoff in eq. 2.45. I will sketch a heuristic derivation using a gauge invariant formulation of strong WW scattering, discussed in the next section, in which strong WW scattering models are given an effective Higgs boson representation. Though models of strong WW scattering are formulated in renormalizeable gauges using the Goldstone boson ww degrees of freedom, it is possible (and useful for the study of collider signals) to express the models in other gauges including unitary gauge. [11] We consider the K-matrix model, a model of strong WW scattering described in section 4, that smoothly extrapolates the leading ww partial wave amplitudes from the threshold region, where they are given by the low energy theorems, eqs. 2.36 -2.39, to higher energy in a way that exactly satisfies elastic unitarity. For the I = J = 0 partial wave the K-matrix amplitude is
where x 00 is the low energy theorem amplitude, s Xoo = 167rv2.
As described in section 5, the corresponding effective Higgs propagator is
Interpreted heuristically as a Breit-Wigner "resonance" the pole in eq. 3.4 corresponds to a 'resonance' whose width is twice its mass, rH = 2mH. Used naively to evaluate the one loop radiative corrections, the 'Higgs' propagator in equation 3.4 induces radiative corrections of the standard model form with mH given by eq. 3.1, except for a small additional term from the log of the imaginary phase of the pole position. To summarize, it appears even to a skeptic that the precision electroweak data now exclude strong symmetry breaking dynamics unless associated new physics contributes radiative corrections that offset the contribution from strong WW scattering. It is more natural than not that there be additional contributions, and models [2] have been constructed which are consistent with the precision data. We can regard them as existence proofs that strong WW dynamics may be consistent with the existing data. The definitive tests require TeV scale high energy colliders, starting with the LHC.
Models of strong WW scattering
At the LHC the initial goal of experimental study of WW scattering at the TeV scale is to determine whether or not strong scattering occurs. If it does, detailed studies will require even more powerful colliders. [24] In the spirit of the initial, exploratory studies the models of strong WW scattering discussed here are not intended as real dynamical theories but are ineant only to provide estimates of the order of magnitude of the expected cross sections in a way that does not conflict with general principles such as unitarity.
To get in the spirit of the exercise, the crudest example is the linear model [1] , that uses the threshold amplitudes, eqs. (2.36-2.41), which are purely real, as a model of the absolute value of the partial wave amplitudes below the unitarity limit and sets the absolute value of the partial wave amplitudes equal to one at higher energies. For instance, for the I, J = 0, 0 partial wave the model is (4.1)
The discontinuity in the derivative is unphysical but the model is nonetheless a potentially useful guide to the magnitude of certain partial waves. It gives a surprisingly good description of the pion scattering data in the I= J = 0 channel-see figure 3 .2 of ref. [25] K-matrix unitarization is perhaps a step up from the linear model, [26] constructed to explicitly satisfy elastic unitarity. Partial wave unitarity is equivalent to the statement that (4.2) so that a unitary aJ is completely specified by specifying its real part. For instance, for the isoscalar channel we choose Since we are modeling Goldstone boson scattering we can get some guidance from the 1r1r scattering data. For the I = 1 and I = 2 amplitudes the data illustrates the complementarity of the resonant and nonresonant channels. In the I = 1 channel the linear model drastically underestimates the magnitude of the amplitude because it omits the large enhancing effect · of the p resonance. In the I = 2 channel it tracks the data fairly well until about ~ 600 MeV (analogous to~ 1.6 TeV in WL WL scattering) where it begins to overestimate the data for the magnitude of the amplitude. This is also a consequence of the p resonance, which together with the constraints of chiral symmetry, suppresses the I= 2 amplitude. If p(770) were heavier and/or less strongly coupled to 7r1T", the linear model would be a better fit to the data in both the isovector and isotensor channels. The a 11 amplitude would then be smaller while la2ol would be bigger!
The chirallagrangian with the p meson incorporated in a chiral invariant fashion is a useful tool to illustrate complementarity of resonant and nonresonant scattering signals. Weinberg [27] showed that chiral invariance requires the conventional p1r1r interaction, to be accompanied by a four pion contact interaction that induces a term linear in s in the 1r1r scattering amplitude. This term cancels the linear terms induced by p exchanges, so that the low energy theorems are guaranteed.
This chiral lagrangian gives a remarkably good fit (with no free parameters) to the 1r1r data for the au and a 20 partial waves, for energy as large as 1.2 GeV, shown in figure  1 . [4] The quality of the fit at 1.2 GeV must be fortuitous since the linear terms contributed by the chirallagrangian are irrelevant at that scale. Nevertheless the chirallagrangian gives a good parameterization of the QCD data, which we can use to explore the consequences of varying the p mass and width. For massless Goldstone bosons Withe p width is given by The amplitudes are unitarized by the K-matrix method. The width is omitted in the real part of the s-channel pole contribution and the imaginary part (i.e., the width) is determined from the K-matrix prescription. This is equivalent to the conventional broad resonance BreitWigner parameterization with the fixed imaginary part of the denominator, mf, replaced by y'Sr(y'S).
The complementarity of the au and a 20 channels is evident in figure 2. '"" \ ,. "
represent the "fail-safe" nonresonant scattering signals that are anticipated if the resonances are unexpectedly heavy. This is the most general meaning of complementarity. A more specific meaning, special to vector meson exchange as constrained by chiral symmetry, is the inverse relationship of the I= 1 and I= 2 channels.
5. Strong WW scattering cross sections at high energy colliders: EWA and EHB This section is concerned with tools to translate models of WW scattering into collider cross sections. The now traditional method is the effective W approximation [10] (EWA), which is computationally convenient and sufficiently accurate within the experimentally relevant domain of applicability. However, because it is a small angle approximation the EWA provides no information on the experimentally important transverse momentum spectrum of the final state jets or of the diboson in the-+ qqWW process used to observe WW scattering at hadron colliders. In addition to reviewing the EWA I will also describe the effective Higgs boson method [ll] , which provides complete information on the final state particles and also retains interference of signal and background amplitudes that is neglected by the EWA.
Effective W approximation
The effective W approximation is analogous to the effective photon approximation of Weiszacker and Williams. It provides an effective luminosity distribution for the probability to find colliding "beams" of longitudinally polarized gauge bosons within the colliding quark "beams" produced at a pp collider or within the t+L-beams at a lepton collider. 
The effective W approximation has been compared with analytical and numerical evaluations of Higgs boson production. The analytical calculations [29] show good agreement for WW -+ H for mH ~ 500 GeV, with errors~ 0(10%) and decreasing with mH and -.fi, while for the relatively less important process Z Z -+ H the errors are roughly twice as large. Above 1
Te V the errors are very small.
Effective Higgs boson
Because it is a small angle approximation the EW A tells us nothing about the transverse momentum of the final state quark jets. As discussed in section 6, a central jet veto and/ or forward jet tag are useful experimental strategies, requiring knowledge of both signal and background jet PT distributions. Common practice is to use the EWA while assuming that the jet PT distribution for strong WW scattering is the same as that of the standard model with a 1 TeV Higgs boson. Near the edge of phase space, as we are in the study of the WW 20 system at ;:::: 1 TeV at the LHC, the the jet PT distribution varies with the WW invariant mass. The EHB method(ll] provides the appropriate final state PT distribution for any swave strong scattering model. In addition, because the collider signal is computed from the model amplitude, not the cross section as in eq. 5.2, the EHB retains phase information and signal-background interference effects that are lost in the EWA. Consider a strong s-wave scattering model 'X', formulated in an R-gauge as a Goldstone boson scattering amplitude, for instance, the leading J = 0 component of Mx ( w+w--+ zz). To leading order in the SU(2)L coupling constant g we decompose the corresponding WtW£ -+ ZLZL amplitude into gauge sector and symmetry-breaking sector contributions,
Maauge is the sum of W, 1, and Z exchange diagrams; it increases like E 2 for large E,
This order E 2 term is precisely the "bad high energy behavior" discussed in section 2 that Mg:-a(WLWL) must cancel. It is also precisely the low energy theorem amplitude, as can be seen by comparing eq. 5.4 with eqs. 2.34 and 2.36. This is no coincidence (13] : if the symmetry breaking force is strong, the quanta of the symmetry breaking sector are heavy, MsB » Mw, and decouple in gauge boson scattering at low energy, MgB « Maauge· Then the quadratic term in Maauge dominates MTotai for Mar « E 2 « M~B' which establishes the low energy theorem to order g 2 without using the ET. Thus we may also write
We next use the equivalence theorem to assert the approximate equality of the U-gauge amplitude with the model amplitude formulated in R-gauge, We can use P{pF( s) in any gauge to extract the consequences of model X. To compute the predicted collider signal, we compute the full standard model set of Feynman diagrams for qq-+ qqWW/ZZ using PE\F(s) for the Higgs boson propagator. It is shown in references [11] that the method agrees with the EWA where it should, while improving on the EWA at small angles where it includes interference with the photon t-channel exchange amplitude that is neglected in the EWA. Just as in the tree-level evaluation of SM Higgs boson production, it provides a complete description of the final state. It is also shown, in the second of references [ll] , that the amplitudes are BRS invariant. 6 . Can LHC lose?
This section offers a sketch of strong WW scattering at the LHC, with the strategies to enhance the signals relative to the backgrounds and an estimate of the integrated luminosity needed to either confirm or exclude the signals. The discussion will focus on the chiral "p" effective Lagrangian. As described in section 4 it illustrates the complementary interplay between resonant and nonresonant signals, and in the mp -+ oo limit approaches the nonresonant K-matrix model. We consider WZ scattering which the "p" resonance would enhance and like-charge w+w+ scattering which chiral invariant "p" exchange would suppress. Discussion of other models and channels may be found in references [6, 30}.
w+w+ elastic scattering
The w+w+ and w-w-channels are interesting for three reasons:
• They do not have the-+ WW or gg -+ WW backgrounds, respectively of order aw and awas in amplitude, that are the dominant backgrounds to strong scattering in other gauge boson pair channels.
• The branching ratio for w+w+ -+ z+v + z+v with l = e or JL is relatively large,"' 5%, and has a striking experimental signature: two isolated, high PT, like-sign leptons in an event with no other significant activity (jet or leptonic) in the central region.
• Strong w+w+ + w-w-scattering complements the strong scattering signals in the other gauge boson pair channels, and is likely to be largest if the resonance signals expected in the other channels are smallest.
The w+w+ strong scattering signal was first estimated in ref.
[l] but with no estimate of the backgrounds. There have subsequently been several more detailed studies of signals and backgrounds, [31] resulting in a powerful set of cuts. One would expect the O(asaw) gluonexchange amplitude for qq-+ qqW+w+ to be the dominant background, but, surprisingly, after cuts it is much smaller than the electroweak O(a~) background. [32] Even more surprising,-+ w+ Z [33, 5] and-+ w+'Y* [5] with the negative charge lepton escaping detection are as important as the irreducible-+ qqW+w+ backgrounds. (Backgrounds from w+w-production with mismeasurement of a lepton charge and top quark related backgrounds [26, 34] can be controlled and are not considered here.)
While a forward jet tag may provide further background suppression, the results quoted below, from [5] , rely only on hard lepton cuts and a centraljet veto (CJV) of events containing a jet with central rapidity, T/J < 2.5 and high transverse momentum, PT(J) > 60 GeV. The CJV reduces backgrounds from transversely polarized W bosons, which are emitted at larger transverse momenta than the longitudinally polarized W bosons of the signal. The hard lepton cuts rely on the general property that the strong scattering subprocess cross sections .
increase with sww while the backgrounds scale like 1/ sww, and on the differing polarization of the signal and background WW pairs. If this strategy suffices it has the advantage of being cleaner than relying on forward jet tagging, which may be subject to QCD corrections and to detector-specific jet algorithms and acceptances in the forward region. The leptonic cuts are optimized for each set of model parameters. It turns out for the four values of mp considered that the rapidity and lepton transverse momentum cuts are q(l) < 1.5 and PT(l) > 130 GeV. A third cut, requiring the two leptons to be back-to-hack in azimuth, depends somewhat on mp.
The W Z and W 1* backgrounds -actually the complete background from all amplitudes for~ f+vf+L--in which the L-escapes detection, occurs because any detector has unavoidable blind spots at low transverse momentum and at high rapidity. At very low PT, muons will not penetrate the muon detector, electrons or muons may be lost in minimum bias pile-up, and for low enough PT in a solenoidal detector they will curl up unobservably within the beam pipe. Muon and electron coverage is also not likely to extend to the extreme forward, high rapidity region. In reference [5) an attempt was made to employ reasonable though aggressive assumptions about the observability of the extra electron or muon. Rapidity coverage for electrons and muons was assumed for q(l) < 3. Within this rapidity range it was assumed that isolated e-and J.C leptons with PT(l) > 5 GeV can be identified in events containing two isolated, central, high PT e+'s and/or p,+'s. It was also assumed that electrons (but not muons) with 1 < PT(l) < 5 GeV can be identified if they are sufficiently collinear (m(e+e-) < 1 GeV) wi'th a hard positron in the central regio:Q.. For PT(e-) < 1 GeV electrons were considered to be unobservable.
A robust observability criterion is defined and the cuts are optimized by searching over the cut parameter space for the set of cuts that satisfy the observability criterion with the smallest integrated luminosity. The criterion is
where Sand B are the number of signal and background events, and at and a.J. are respectively the number of standard deviations for the background to fluctuate up to give a false signal or for the signal plus background to fluctuate down to the level of the background alone. The a.J. criterion is essential to assure the ability to exclude strong scattering if it does not exist. In addition S ~ B is required so that the signal is unambiguous despite the systematic uncertainty in the size of the backgrounds, which will probably be known to better than ::::; ±30% after "calibration" studies with known processes at the LHC. An experiment meeting this criterion, eqs. 6.1 -6.3, can defintitively establish the existence of strong scattering if it exists or exclude it if it does not. As discussed in the introduction, the latter capability is as important as the former. The criteria are applied to the actual event yields after correcting for detector efficiency, assumed to be 85% for each isolated lepton falling within the region defined by the cuts. The results are collected in table 6.1 for four values of the "p" mass. We see that the heaviest value of mp gives the largest signal, requiring the smallest integrated luminosity, LMIN = 77 fb-1 , less than a year of running at the design luminiosty of 10 34 cm-2 sec-1 • The nonresonant K-matrix and linear models provide similar though slightly bigger signals. For the lightest mass considered, about 1 ~ years would be needed. In tables 6.1 -6.3 the event yields per 100 fb-1 ) do not include detector efficiency while LMIN does. Te V is easily visible, meeting the observability criterion with less than a half year at design (2)Tc, for which the best signal is in the w+w+ channel. It determines the "no-lose" luminosity needed to observe strong scattering in at least one channel. As shown in table 6.2, this luminosity depends on the experimental veto efficiency for wrong-sign leptons that fall within the experimental acceptance. Following the slogan "when in doubt throw it out," it may be possible to achieve 98% veto efficiency without significantly eroding the efficiency for the signal, in which case little more than one year at design luminosity would suffice. More pessimistically, with 95% veto efficiency, one and a half years would be needed.
Conclusion
Only direct discovery and detailed study of the symmetry breaking quanta can establish the nature of the symmetry breaking sector in a model-indpendent way. The ability to measure strong WW scattering is an important part of the experimental program whether electroweak symmetry breaking is strong or not. Given this capability we can determine the mass scale of the symmetry breaking sector even if its constituent quanta initially escape detection at the LHC. And even if a light Higgs boson is discovered, we would want to verify the absence of strong WW scattering, a fundamental prediction of theories in which symmetry breaking is dominated by light Higgs bosons.
The strong WW scattering signals are challenging: they push the LHC to the limits of its reach. The theoretical estimates of the possiblity of detecting strong WW scattering at the LHC may seem simple and optimistic. But, as we have learned from the Higgs boson searches at LEP, experimenters working with real detectors and real data can invent and validate clever strategies that exceed even the most optimistic of the early theoretical simulations.
Can LH C lose? -No, not likely, as long as the accelerator and detectors succeed in reaching the ambitious design goals.
